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ABSTRACT
We study the structural properties of Low Surface Brightness galaxies (LSB) using a
sample of 263 galaxies observed by the Green Bank Telescope (Schneider et al. 1992).
We perform 2D decompositions of these galaxies in the SDSS g, r and i bands using
the GALFIT software. Our decomposition reveals that about 60% of these galaxies are
bulgeless i.e., their light distributions are well modelled by pure exponential disks. The
rest of the galaxies were fitted with two components: a Sersic bulge and an exponential
disk. Most of these galaxies have bulge-to-total (B/T) ratio less than 0.1. However, of
these 104 galaxies, 20% have B/T > 0.1 i.e., hosting significant bulge component and
they are more prominent amongst the fainter LSBs. According to g−r colour criteria,
most of the LSB galaxies in our sample are blue, with only 7 classified as red LSBs.
About 15% of the LSB galaxies (including both blue and red) in our sample host
stellar bars. The incidence of bars is more prominent in relatively massive blue LSB
galaxies with very high gas fraction. These findings may provide important clues to
the formation and evolution of LSB galaxies - in particular on the bar/bulge formation
in faint LSB disks.
Key words: galaxies: photometry — galaxies: evolution — galaxies: structure –
galaxies:spiral
1 INTRODUCTION
The last two decades have witnessed a significant increase
in the population of low surface brightness (hereafter, LSB)
galaxies due to wide-field surveys such as the Sloan Digi-
tal Sky Survey (York et al. 2000, SDSS), as well as due to
advancement in new techniques in observational astronomy
allowing one to dig deeper in the sky (Kniazev et al. 2004;
Zhong et al. 2008; Rosenbaum et al. 2009; Galaz et al. 2011;
Blanton et al. 2011; Duc et al. 2015; Trujillo & Fliri 2016;
Greco et al. 2017). This growing number of LSB popula-
tion suggests that they might hold a significant fraction of
baryon repositories in the local universe (Impey & Bothun
1997; McGaugh et al. 1995b) although they occupy the faint
end of the galaxy luminosity function (Impey et al. 1988;
Bothun et al. 1985). In fact, the number density of LSB
galaxies is comparable to that of the high surface brightness
(hereafter, HSB) galaxies (McGaugh et al. 1995b; O’Neil &
Bothun 2000; O’Neil et al. 2003a). But the formation and
evolution of these LSB galaxies remained unclear and are
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thought to have taken a different route than the HSB galax-
ies.
There are several indications such as low star-formation
rates (van der Hulst et al. 1993; Schombert et al. 2011), low
metallicities (McGaugh & Bothun 1994; de Blok & van der
Hulst 1998; Kuzio de Naray et al. 2004), sparse H-α emis-
sion (Pickering et al. 1997; Huang et al. 2014) suggesting
that LSB galaxies are under-evolved system compared to
their HSB counterparts (Bothun et al. 1997). In general,
these LSB galaxies are known to have high neutral hydro-
gen gas to stellar mass ratios, associated with nearly non-
detection or little CO molecules (O’Neil et al. 2003b; Honey
et al. 2018) - indicating their inefficiency in converting the
gas to stars. Although the exact reason remains to be un-
derstood, the combination of low surface density and dark
matter dominance at all radii, as derived from the observed
rotation curve (de Blok & McGaugh 1996; de Blok et al.
2001) makes sure that the disk instabilities are unlikely to
set in. In fact, using analytical and numerical simulations
which include gas and cold dark matter components, it has
been shown that the realistic models of LSB galaxies are sta-
ble against local and global instabilities (Mihos et al. 1997;
Mayer & Wadsley 2004; Ghosh & Jog 2014). In other words,
LSB galaxies would be unlikely to host strong bars and spiral
c© 2018 The Authors
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features as reflected in earlier observations by McGaugh &
Bothun (1994); Impey et al. (1996) who found bar fraction
to be only a few percent. But several recent studies seem
to indicate a growing bar fraction from ∼ 8% (Honey et al.
2016) to about 20% in Cervantes Sodi & Sa´nchez Garc´ıa
(2017) as larger samples of LSB galaxies are being analyzed.
If such a trend continues, one needs to rethink about the
evolution of normal LSB galaxies.
Previous studies that have explored in detail the proper-
ties of LSB galaxies are mostly late-type disk dominated (de
Blok et al. 1995; McGaugh & Bothun 1994) or Malin-type
giant LSBs (Sprayberry et al. 1995; Pickering et al. 1997).
Over the last ten years, this notion seems to be changing as
HST revealed an insightful picture of Malin1 - the very inner
part has a bar and a bulge (Barth 2007) - like in a normal
HSB galaxy. A similar conclusion was derived by Lelli et al.
(2010) who found Malin1 to have a normal HSB like inner
disk. A number of other LSBs are reported to host bulges
whose stellar populations, colours and gas kinematics are
remarkably similar to those hosted by HSB galaxies (Beijer-
sbergen et al. 1999; Galaz et al. 2006; Pizzella et al. 2008;
Morelli et al. 2012) - indicating the LSBs might be having
a parallel formation sequence to the HSB galaxies. This has
prompted us to investigate the two component bulge-disk
decomposition of a sample of LSB galaxies that remained
relatively unexplored in the literature.
In the present work, we choose a sample of LSB galax-
ies observed by the Green Bank Telescope (GBT) as given
in Schneider et al. (1992) to study the structural properties
of LSB galaxies. We perform two component bulge-disk de-
composition of 294 LSB galaxies using GALFIT (Peng et al.
2002, 2010). Further based on visual inspection, the sample
is divided into two groups - barred and unbarred and their
properties are discussed in detail.
This paper is organised as follows. In Section 2, we
present our galaxy sample. We also discuss the 2D decompo-
sition steps and the method to obtain the structural param-
eters in this section. The results are presented in Section 3.
Lastly, we discuss and summarize the conclusions in Sec-
tion 5.
2 SAMPLE SELECTION AND METHOD
2.1 The GBT/SDSS Sample
The Uppsala General Catalog of galaxies (Nilson 1973,
UGC) consists of a list of dwarf and LSB galaxies which
was assembled by Nilson in 1973. This catalog covers all
northern galaxies (δ ≥ −2◦30′) visible on the Palomar Sky
Survey with a blue diameter larger than 1′. In the nineties,
a group led by S. E. Schnieder used this sample to map the
neutral hydrogen of dwarf and other low surface brightness
(LSB) galaxies such as irregular, Sd-m etc. This selection
of galaxies by S. E. Schneider brings an incompleteness of
∼14% in the sample. His group took neutral hydrogen ob-
servations in two steps. First, they used Arecibo telescope
for the galaxies in the declination range −2◦ ≤ δ ≤ 38◦.
They reported 762 dwarf or LSB galaxies with this tele-
scope (Schneider et al. 1990). In the second step, they used
Green Bank telescope (GBT) for galaxies in the declina-
tion range, δ ≥ 38◦ along with a number of galaxies farther
south for flux comparisons with Arecibo observations and
to search for extended halos, totalling 633 galaxies (Schnei-
der et al. 1992). We choose their sample of 633 galaxies to
analyse the detailed structural properties. The sample com-
pleteness is discussed in Schneider et al. (1990, 1992); Thuan
et al. (1991); Dominguez-Tenreiro et al. (1996) who have also
studied the spatial clustering and their relationship to bright
galaxies.
The GBT sample of 633 galaxies is retrieved from
NASA/IPAC EXTRAGALACTIC DATABASE (NED)
which provides the ra, dec, redshift z etc. (Schneider et al.
1992). We cross-match this sample with SDSS (York et al.
2000) data release 13 (SDSS Collaboration et al. 2016,
DR13) and find 354 galaxies for which spectroscopic red-
shifts are available. Finally, we have visually inspected im-
ages in r and g bands of each of these galaxies to remove
from the sample those galaxies which are drastically affected
by a merger or a companion and also those galaxies where
the presence of a bright star is affecting the analysis. These
are a total of 19 in number. We have also removed 35 edge-
on galaxies from sample. In addition to them, we have also
rejected 6 galaxies having star-forming clumps in them. This
has further reduced our sample to 294 galaxies that are com-
mon between GBT and SDSS. These galaxies are in the red-
shift range of 0.001-0.037.
In order to compare our LSB sample with other disk
galaxies on the colour magnitude plane, we use the Simard
et al. (2011) catalog which is based on SDSS DR7. In par-
ticular, we use their bulge-disk decomposition parameters
where bulges are fitted with free Sersic indices. We extract
galaxies in the same redshift range as of our sample. This
final sample consists of 70810 galaxies for which we have
r-band absolute magnitudes, redshifts and bulge-to-disk ra-
tios. We call this sample as “all galaxy sample”.
2.2 Multi-band Bulge-Disk Decomposition
The images of 294 galaxies are drawn from the SDSS g
(green), r (red) and i (near-infrared) filters with effective
central wavelengths being 4770, 6231 and 7625 A◦. The
SDSS Science Archive Server provides the survey images for
these galaxies, called “corrected frames” which are identified
by a unique name and it’s a combination of run number, the
camera column and the frame sequence number. Figure 1
shows the r-band images of some of these galaxies with mix
morphologies e.g., spirals, irregulars from our sample. These
images are calibrated in nanomaggies per pixel, and have
a sky-subtraction applied. From each frame, a 2-4 arcmin
cutout from the central coordinate of the galaxy is extracted
depending upon the galaxy’s redshift. It ensures that an av-
erage galaxy size covers at least 50% of the total area.
Before we proceed to discuss the bulge-disk decompo-
sition, we decontaminate these 294 (in each of the three
bands) galaxies to remove the surrounding sources around
the target galaxy in the cutout. For removing these un-
wanted sources, each galaxy image cutout is considered sep-
arately and the pixel values of each unwanted source are re-
placed with the average value of the pixels surrounding that
source. This is done using the Image Reduction and Anal-
ysis Facility (IRAF) IMEDIT task, which creates a circular
annulus of a chosen radius around the central coordinates of
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Figure 1. A few representative galaxies of different morphologies in our sample in r-band. The disk central surface brightness (in units
of mag/arcsec2) is indicated on the top of each galaxy. The colour scale is same for all images.
Figure 2. Same as in Figure 1 but here we have chosen to show only barred galaxies in our sample.
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Figure 3. Three examples of bulge-disk decompositions using
GALFIT. The first column shows the r-band observation images
of the selected galaxies, the second column shows the GALFIT
model images and the third column shows the residual images
which are basically the subtraction of model images from the
observation images. The three selected galaxies are typical exam-
ples of irregular, bulge and bar galaxies. The disk central surface
brightness and SDSS IDs are indicated on the top of each galaxy.
the selected source and replaces the pixels in this circle with
the background values.
Once the cutouts are cleaned, we perform two-
dimensional bulge-disk decomposition on each galaxy image
using the GALFIT (version 3.0.5) software (Peng et al. 2002,
2010). This software models the light distribution using the
analytic functions, known as parametric fitting which ad-
justs the parameters in the analytic functions to try and
match with the shape and profile of galaxies. For more de-
tails about the fitting algorithm and the usage of GALFIT,
the reader is advised to go through Peng et al. (2002, 2010).
We start with by fitting two components, i.e., bulge and
disk profiles to the light distribution of each galaxy in r-
band. We adopt the standard Sersic and the exponential
profiles for the bulge and disk components of the galaxy, re-
spectively (Sersic 1968; Freeman 1970). These are discussed
as follows -
• The Sersic profile has the following functional form:
I(R) = Ie exp
{
−bn[(R/Re)1/n − 1]
}
, (1)
where I(R) is the pixel surface brightness at a radius R from
the centre of a galaxy, the parameter Re is known as the ef-
fective radius such that half of the total flux is within Re
and Ie is the pixel effective surface brightness at the effective
radius Re and the parameter n is the sersic index that con-
trols the shape of the light profile. The dependent-variable
bn is coupled to n and is given as bn = 1.9992n − 0.3271
(Graham & Driver 2005), thus it is not a free parameter.
• The exponential profile for the disk is given by:
I(R) = I0 exp
(
− R
Rs
)
, (2)
where I0 is the central surface brightness, Rs is the scale
length of the stellar disk.
The full profile is the addition of the Sersic and the ex-
ponential profiles. Bars in the sample are included in the
bulge light and are not dealt separately. To run the GAL-
FIT successfully, we need to provide the point spread func-
tion (PSF). To generate PSF images for SDSS observations,
a Gaussian profile with a given Full Width at Half Maxi-
mum (FWHM) of the surface brightness distribution is fit
with GALFIT. The FWHMs for SDSS observations are ob-
tained from Science Archive Server. The background image
(also known as σ image) is generated internally.
In addition, the GALFIT software also requires ini-
tial guesses of parameters of bulge and disk profiles which
we choose from SDSS such as ra, dec, PetroMag r,
PetroMag g, PetroMag i, deV AB r, expAB r, deV Phi r,
expPhi r. After setting the initial parameters, we run the
GALFIT for all 294 galaxies in r-band. The output of the
GALFIT fitting returns the final model of the galaxy and
the residual image which is formed by the subtraction of
the final model from the original image. All the residuals
are visually inspected to see whether the final model ob-
tained is a good fit to the original image or not. On the
basis of residual inspection and bad reduced χ2 values, we
do not include 31 galaxies in our study. As mentioned ear-
lier in this section, we have rejected few galaxies having star-
forming clumps around the centre. This was also done based
on the visual inspection. As GALFIT was not able to fit
them properly (reduced χ2 was not good), the residuals of
these type of galaxies had left-over bright sub-components
which showed that these galaxies were having star-forming
clumps. We thus do not include them in our study. Our final
sample consists of 263 galaxies.1 All the subsequent analysis
and results presented in this paper are based on this specific
sample. Based on the visual inspection in r and g bands, we
have found 43 bars out of 294 galaxies i.e., ∼ 15% are barred
LSBs in our sample. In Figure 2, we show images of some
representative barred LSBs in our sample. A discussion on
the barred LSBs is presented in section 4.
The output of the GALFIT consists of three images -
(i) The postage stamp sized region of the input image.
(ii) The final model of the galaxy in that region.
(iii) The residual image which is formed by subtracting
the final model from the first image.
In Figure 3, we show the three examples of bulge-disk decom-
positions which we have obtained using GALFIT software.
The three selected galaxies are typical examples of irregu-
lar, bulge and bar galaxies as shown in first, second and
third row. The first column shows the r-band observation
images of these selected galaxies, the second column shows
1 The online supplementary material consists of GALFIT output
for these 263 galaxies in our sample. For all these galaxies, reduced
χ2 is around one. The image and GALFIT fits are available on
request.
MNRAS 000, 1–13 (2018)
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the GALFIT model images and the third column shows the
residuals images.
After fitting all the galaxies in our sample in r-band,
we follow the same procedure to fit the galaxies in g and
i bands. We make the cutouts accordingly and decontami-
nate them as described previously. We generate PSF using
the same procedure. Now, we take the advantage of fitting
the galaxies in r-band. We apply the results of r-band de-
compositions to the g and i bands decompositions by fixing
all the parameters except for the positions of centres and
the bulge and disk magnitudes of the galaxies. This tech-
nique, i.e., using results of one band into others as initial
conditions, is known as “simultaneous fitting” technique and
has been used extensively in literature (Simard et al. 2011;
Lackner & Gunn 2012; Meert et al. 2015; Kim et al. 2016).
2.3 Structural parameters
The two-component decomposition by GALFIT provides us
the basic photometric parameters of the bulge and disk com-
ponents for each galaxy in our sample. These parameters
are further used to derive quantities such as central surface
brightness, colour of the galaxy etc. as explained below. We
convert the model magnitude to AB magnitude system using
standard relation (Oke 1974). All the magnitudes are then
corrected for Galactic Extinction. Hereafter, all the magni-
tudes mentioned in this paper correspond to the AB magni-
tude system unless otherwise specifically mentioned.
The logarithmic central surface brightness for the disk
component (µ0,disk) can be calculated as
µ0,disk = mdisk + 2.5 log10(2piR
2
s), (3)
where mdisk refers to the apparent magnitude of the disk
component of the galaxy. The total central surface bright-
ness of the galaxy is given by
Itotal = I0 + Ie e
bn (4)
and the logarithmic total central surface brightness can be
written as
µ0,total = zpt− 2.5 log10 Itotal. (5)
The central surface brightness is then corrected for the
inclination and the cosmological dimming effects by using
the following equation (Zhong et al. 2008)
µ0,corrected = µ0 + 2.5 log10(b/a)− 10 log10(1 + z). (6)
Following on, we will always use “corrected” central surface
brightness everywhere and thus we will drop the subscript
“corrected” from the definition of µ0.
After estimating µ0 in r and g bands, we calculate the
approximate B-band central surface brightness by using the
following transformation equation (Smith et al. 2002; Cer-
vantes Sodi & Sa´nchez Garc´ıa 2017):
µ0(B) = µ0(g) + 0.47(µ0(g)− µ0(r)) + 0.17. (7)
This will be used to classify our sample galaxies as LSBs as
per the criterion given in B-band. One needs to be bit cau-
tious here as it is an approximate transformation equation.
It can aid to the uncertainty in the results.
The absolute magnitude, M is corrected against dust
extinction using K-correction as follows:
M = m− 5 log10
(
D
10pc
)
−K, (8)
where m is the apparent magnitude of the galaxy, D is the
distance to the galaxy in pc and K is the K-correction term
that accounts for the difference to transfer from observed
band to the rest-frame band. The correction term depends
on the spectral energy distribution and hence on the redshift
of the object (Hogg et al. 2002). The K-correction assumes
a simple relation for a power-law continuum
K = −2.5(1 + αν) log10(1 + z), (9)
where αν is the slope of the continuum and has a canonical
value of -0.5 (Schmidt & Green 1983; Boyle et al. 1988).
Figure 4 depicts the distribution of the absolute mag-
nitudes of our sample galaxies in r, g and i bands, where
the absolute magnitude refers to the total model magnitude
obtained from our GALFIT analysis. Our sample galaxies
cover a wide range of magnitudes, while some are as bright
as Mr ∼ −21; the dominant population of the galaxies are
on the fainter side (Mr ≥ −19) going upto about -14. The
medians of distributions of the absolute magnitudes of our
sample galaxies in r, g and i bands lie at -18.07, -17.71 and
-18.26. It seems from this figure that these galaxies are over-
all more luminous in the i-band (i.e., near-infrared) by about
0.19-0.55 mag than in r and g bands (optical bands) which
indicates the ageing of the existing stars in these galaxies.
3 DISTRIBUTION OF CENTRAL SURFACE
BRIGHTNESS
The classification of a galaxy into a HSB or LSB is based
on its disk central surface brightness (µ0,disk). A disk galaxy
is called HSB if its B-band disk central surface brightness
peaks at 21.56 mag/arcsec2 (Freeman 1970). Disk galaxies
whose disk central surface brightness is about 1 mag fainter,
are termed as LSBs. According to this, we define LSB galax-
ies with µ0,disk ≥ 22.5 mag/arcsec2 in the B-band (McGaugh
1996; Rosenbaum et al. 2009).
A similar criterion has been adopted to classify a
disk galaxy as an LSB in the r-band, i.e., µ0,disk(r) =
21 mag/arcsec2 (Courteau 1996; Brown et al. 2001; Adami
et al. 2006) and is ∼ 1.1σ away from the mean value of HSB
galaxies as reported by Courteau (1996).
In the rest of this paper, we follow this r-band criterion
to select LSB from our sample, i.e., a galaxy is termed as
LSB whose µ0,disk ≥ 21 mag/arcsec2 in the r-band. Schnei-
der et al. (1992) have already filtered out the LSB galaxies
from the UGC catalog, however, we re-confirm this by plot-
ting their distribution of disk central surface brightness in
Figures 5 and 6.
3.1 Bulgeless LSB galaxies
About 60% (i.e., 159) galaxies in our sample are fitted well
with a single exponential disk model without any conspicu-
ous bulge component. Visual inspection of their morpholo-
gies suggests that these LSBs are either smooth disks or
irregulars without any brighter central part. The top panel
of Figure 3 shows a typical example of these bulgeless LSB
MNRAS 000, 1–13 (2018)
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Figure 4. Histogram of the absolute magnitudes of the galaxies
in our sample in three bands, namely r, g and i as shown by red
(solid), green (dashed) and blue (dotted) lines respectively. The
absolute magnitude here corresponds to the combined magnitude
of the bulge and disk components of the galaxies.
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Figure 5. Bulgeless LSB galaxies: histogram of the disk central
surface brightness (µ0) of the galaxies in our sample in r and
B bands as shown by red (solid) and black (dash-dotted) lines
respectively. We have only shown those galaxies where only disk
component fitting has been done using GALFIT software. The
vertical solid (red) and dashed (black) lines correspond to the
thresholds of µ0 being 21 and 22.5 mag arc/sec
2 in r and B bands,
i.e., galaxies lying to the right of these lines in the distribution
are LSB galaxies.
galaxies and their 2D decomposition in the r-band. Figure 5
shows their distribution of central surface brightness. The
vertical solid (red) and dashed (black) lines correspond to
the thresholds of µ0 being 21 and 22.5 mag /arcsec
2 in r
and B bands respectively. The galaxies lying on the right
of these lines are classified as LSBs, and 81% galaxies in
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Figure 6. Same as in Figure 5 but for the LSB galaxies with
bulges. The disk and total (bulge+disk) central surface brightness
(µ0) of the galaxies in our sample in r (lower panel) and B (upper
panel) bands are shown as solid and dashed lines.
our sample are LSBs as per r-band criteria. The median
of r-band distribution lies at 21.71 mag /arcsec2 and that of
B-band lies at 22.51 mag /arcsec2. The medians of µ0 distri-
butions for g and i bands lie at 22.11 and 21.56 mag /arcsec2
respectively. It is worth mentioning here that the population
of bulgeless galaxies in the local universe are not only lim-
ited to HSB but also exist in the LSB regime. According to
Kautsch (2009), the fraction of bulgeless galaxies in edge-on
projection is about 15%. Fisher & Drory (2011) also quotes
∼ 35% of their sample as bulgeless disk galaxies. Finding
these large-sized disks with no bulges in the local universe
therefore challenges our understanding of galaxy formation
in the hierarchical framework (White & Rees 1978). Since
LSBs are generally found in isolated or rather less dense en-
vironments, they might have possibly avoided mergers oth-
erwise their disks would have some amount of bulge compo-
nent and pure exponential profile would be hard to maintain
(Hopkins et al. 2010; Stinson et al. 2013; Naab et al. 2014).
Even if an LSB galaxy avoided mergers, internally driven
secular evolution (due to non-axisymmetric features in the
MNRAS 000, 1–13 (2018)
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Figure 7. Bulge-to-total (B/T) ratios for our LSB sample and
Simard et al 2011 sample. Around 80% of galaxies in our sample
have B/T less than 0.1.
early phase of evolution) is inevitable and would produce
central concentration or a bulge component (Lynden-Bell
& Kalnajs 1972; Kormendy & Kennicutt 2004; Kormendy
2015).
Recently, several cosmological hydrodynamical simula-
tions have succeeded in producing reasonable disk galax-
ies; but maintaining them as bulgeless over longer period
has remained as a harder task, most galaxies end up with
B/T ∼ 0.3, if not more (Governato et al. 2010; Agertz et al.
2011; Guedes et al. 2011; Brook et al. 2012; Marinacci et al.
2014). In a recent study, a similar fraction of bulgeless pure
disks is found at z ∼ 1 (by Sachdeva & Saha 2016) but
these were rather massive, bright galaxies. The progenitors
of these bulgeless LSBs would be interesting to look for in
order to understand their early assembly and evolution since
then.
3.2 LSB galaxies with bulges
For the rest of the galaxies (∼ 40% i.e., 104) in our sam-
ple, we were able to model the observed light distribution
with two components, namely a bulge and disk (as explained
above). In Figure 6, we show the distribution of the central
surface brightness derived from the modelling. Due to the
presence of the bulge component, the central surface bright-
ness of these galaxies are brighter. If we use the total central
surface brightness (as shown by the dashed line in Figure 6),
the fraction of qualified LSBs obviously reduces. A compar-
ison of disk µ0 with the threshold dictates that ∼ 84 %
galaxies in this sample (where two component fitting has
been done) are LSBs. However, this fraction reduces to 61%
when the central surface brightness is governed by the full
profile of both bulge and disk components.
Figure 7 shows the bulge-to-total ratio (B/T ) for our
LSB sample galaxies and the all-galaxy population of Simard
et al. (2011) in the r-band. About 20% of galaxies in our
sample have B/T more than 0.1. Although majority of the
LSBs are with B/T < 0.1, it is surprising to see some of
these are having significant bulge light.
3.3 Disk scale-length vs central surface brightness
The exponential (disk) scale length (Rs) of a galaxy is a fun-
damental structural parameter to model its dynamics and to
constrain its formation mechanisms. Since LSB galaxies are
believed to have different formation mechanisms than HSB
galaxies (Bothun et al. 1997), it motivates us to examine
the correlation (if any) of the central surface brightness and
the disk scale length. Figure 8 shows the µ0,disk-Rs relation
for all the LSB galaxies in our sample in g, r and i bands.
The dashed line in each panel shows the µ0,disk − Rs re-
lation for the constant disk luminosity and sets the upper
limit in µ0,disk −Rs plane as there can not be galaxies with
the large scale-lengths and high central surface brightness.
The constant disk luminosity lines to constrain the degen-
eracy of µ0,disk and scale-length was first used by Grosbol
(1985). Figure 8 shows that there is no apparent correlation
between µ0,disk and Rs for our sample LSB galaxies and this
result is consistent with a number of other studies (Impey
et al. 1988; Davies et al. 1988; Irwin et al. 1990; McGaugh
& Bothun 1994; Zhong et al. 2008). However, there is a ten-
dency for the galaxies with the largest Rs to be clustered
in the low surface density regime and thus with low µ0,disk.
In other words, the fainter LSB galaxies are associated with
larger scale lengths. This has also been seen by McGaugh
et al. (1995a); de Jong (1996); Fathi (2010). Apparently,
most of these galaxies with large scale-lengths are quite iso-
lated. This isolation helps them surviving against tidal inter-
actions and mergers activities. It also seems that these large
objects must have proceeded by the gradual accretion with-
out any violent star formation or disruption by neighbouring
systems (Bothun et al. 1993; McGaugh & Bothun 1994) so
that they could collapse into a single object with low surface
density rather than fragmenting into smaller objects.
3.4 Colour-Magnitude Relation
The colour-magnitude relation (CMR) is a powerful tool to
understand the underlying stellar population and evolution
of galaxies (Holmberg 1958; Roberts & Haynes 1994).
Figure 9 depicts the CMR for our LSB sample (marked
as green circle and magenta square symbols) over plotted on
the “all-galaxy” sample. The top panel shows the distribu-
tion of the r-band absolute magnitudes for our LSB sample
(dashed line) and all-galaxy sample (solid line). The right-
hand side panel shows the distributions of g−r colour for our
LSBs and all-galaxy sample. From this figure, it is clear that
our LSB sample peaks at around g− r ∼ 0.4 which is on the
blue side. Indeed, if we use (g−r)cut = 0.65−0.03 (Mr+20)
(Blanton et al. 2005) to divide our LSB sample into red and
blue populations, the dominant population of our sample
galaxies is blue. The existence of these blue LSBs suggests
that they are not just the faded remnants of the HSBs. When
compared to the SDSS all-galaxy sample, these LSB galaxies
occupy the bluer region of the colour-magnitude diagram.
It remains to determine what fraction of our sample LSB
galaxies is faint. A natural boundary between the bright and
faint galaxies is the absolute magnitude (M∗) corresponding
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r-band (left panel), g-band (middle panel) and i-band (right panel). The dashed lines correspond to the exponential disks with constant
absolute luminosity of indicated magnitudes in each panel. The equality lines of other magnitudes lie parallel to the dashed line.
to an L∗ galaxy, appearing in the Schechter luminosity func-
tion (Blanton et al. 2003). We classify a LSB galaxy as faint
if its absolute magnitude is larger than M∗ + 2 (Hollosi &
Efstathiou 1988). Based on the SDSS r-band local luminos-
ity function, we have M∗ = −20.66 (Blanton et al. 2003)
or −20.71 according to the GAMA survey (Loveday et al.
2015). According to this criteria, about 71 % of our sam-
ple LSB galaxies are on the faint side; some are as faint as
Mr ∼ −14 and can definitely be classified as ultra-faint. Fig-
ure 9 shows the location of our barred and unbarred LSBs
on the CMR. Most of the barred and unbarred LSBs are
blue in our sample and shows no preference for the colour.
However, Masters et al. (2011) has found an increase in bar
fraction in redder galaxies.
Figure 10 shows the bar fraction of LSB galaxies as a
function of r- band absolute magnitude. The barred galaxies
are systematically brighter than the unbarred galaxies. This
implies that there is higher probability of finding bars in
luminous galaxies. There are also 7 red LSBs in our sample
and 1 of them has bar in it. In the section below, we will
return to the case of barred LSB population.
3.5 Correlation between colour, stellar mass and
central surface brightness
In Figure 11, we present the correlation between various
structural properties such as central surface brightness,
colours and stellar mass of galaxies. Stellar masses are cal-
culated following the Bell et al. (2003) prescription. In that,
we compute the r-band mass-to-light ratios (M/L)r for our
sample galaxies using the g− r colour. The left panel shows
the µ0,disk vs g − r colour of the sample LSB galaxies. As
mentioned above, most of our LSB galaxies are blue, but
with a wide variation in their central surface brightness.
Further, the central surface brightness shows no correlation
with the host galaxy stellar mass (see the right panel). The
middle panel shows the scatter plot of the stellar mass and
the g − r colour for our LSB galaxies. As it seems, there is
a slight tendency that high stellar mass LSB galaxies, on an
average, are redder in colour.
From the middle panel of Figure 11, we see a weak trend
in the incidence of a bar and g−r colour and the host galaxy
stellar mass. Bars seem to be associated with higher stellar
mass and g−r colour, although most galaxies in our sample
are bluer. Such a trend amongst our LSB galaxies is in com-
pliance with late type spirals (see Barazza et al. 2008; Mas-
ters et al. 2011). The faintest barred LSB galaxy in our sam-
ple has disk central surface brightness ∼ 23.28 mag/arcsec2
and its colour is on the bluer side.
Further, we find no correlation on the incidence of a bar
with the host galaxy central surface brightness. As bars are
known to exist in galaxies with little or no classical bulge
(e.g., our MW), the incidence of a bar may not entirely be
decided by the pre-existing bulge. But when HSB and LSB
galaxies are compared, bars are seen more prominently in
HSB galaxies rather than in LSB galaxies (Masters et al.
2011, see ). However, in our LSB sample for which the disk
central surface brightness varies from 24 - 21 mag/arcsec2,
we do not find any preference regarding the incidence of a
bar.
4 BARRED LSB GALAXIES VS HI GAS MASS
The presence of gas plays a major role in the formation
of bars in disk galaxies. Numerical simulations have demon-
strated that as the gas fraction increases, the bars get weaker
and when the fraction is close to unity or more, simulations
end up with almost no bar (Athanassoula et al. 2013). Ear-
lier studies have shown that dissipative effect of gas might
even lead to the bar destruction (Bournaud & Combes 2002).
Keeping this in mind, we investigate the incidence of bars
in LSB galaxies in the presence of cold neutral hydrogen gas
measured by the Green Bank Telescope (Schneider et al.
1992). Only 85 galaxies in our LSB sample have reliable HI
observations and these are shown in Figure 12. It is clear that
there is a strong correlation between the stellar mass and HI
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Figure 9. The colour-magnitude diagram (CMR) of the LSB galaxies. This uses g − r colours and the r-band absolute magnitudes of
our LSB sample galaxies and all galaxy (Simard et al 2011) sample. In the middle panel, we show bars in our sample as magenta squares
and all other galaxies as green circles. The density contours represent the all galaxy (Simard et al 2011) sample. This is over-plotted in
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The top panel shows the distributions of r-band absolute magnitudes of our LSB sample galaxies (dashed line) and all-galaxy sample
galaxies (solid line) whereas the right-hand side panel shows the distributions of g − r colours where lines denote the same samples as
that of top panel.
gas mass for our LSB galaxies. Most of these LSB galaxies
are very gas-rich, with gas fraction fgas = MHI/M∗ > 1
(Figure 13). Of the 85 LSBs, there are 4 red LSBs and the
rest are blue. We see bars both in red and blue LSB galaxies.
Irrespective of their colours, the incidence of a bar is asso-
ciated with high gas fraction in our sample. Not only that,
we have about 37 blue LSBs hosting bars - this implies that
about 15% of the blue LSB galaxies in our sample host bars
- this number is in sync with other recent studies (Masters
et al. 2012; Cervantes Sodi & Sa´nchez Garc´ıa 2017) based on
large volume limited sample drawn from SDSS DR7. These
studies and a number of others have shown that this frac-
tion is lower than that in gas-poor spirals (Eskridge et al.
2000; Barazza et al. 2008; Masters et al. 2011). However,
according to a recent study (Erwin 2018), bars are common
in both gas-rich blue galaxies as well as in gas-poor red spi-
rals. It remains to be understood what makes bar formation
possible in such gas-rich (with fgas & 1) blue LSB galaxies.
5 DISCUSSION AND CONCLUSIONS
We have studied a sample of 263 LSB galaxies observed by
Green Bank Telescope (Schneider et al. 1992) which are in
overlap with the SDSS footprint. We have performed two-
component bulge-disk decomposition of 263 galaxies in the
SDSS g, r and i bands and investigated their structural prop-
erties in detail. We have found that 60% LSBs in our specific
sample are bulgeless while 40% are with bulges. Some of the
LSBs are associated with significant bulge component with
B/T > 0.1. Since LSBs are known to be dwelling in less
dense environment (Rosenbaum & Bomans 2004), mergers
and interactions are unlikely to have led the bulge forma-
tion. We also have 15% barred galaxies in our sample. Our
findings of bulges and bars suggest a considerable on-going
evolution in the local LSB galaxies and the bars might as
well be playing a role in the bulge growth (Laurikainen et al.
2007; Gadotti 2011; Cheung et al. 2013). The interesting fact
about our sample is that they are not the class of giant LSB
galaxies, in fact, most of our LSBs are faint, blue and gas-
rich and roughly half of them are hosting bars and bulges.
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are systematically brighter than the unbarred galaxies.
Since LSB galaxies are dark matter dominated, disks are
known to be stable against bar formation (Ostriker & Pee-
bles 1973; Efstathiou et al. 1982; Christodoulou et al. 1995;
Cervantes Sodi et al. 2015; Algorry et al. 2017), as shown in
numerical simulations of stellar disks with dark matter dom-
inance at all radii (Saha 2014). Question arises how these
faint blue LSBs are making bars and bulges. One possibility
is that LSB disks are embedded in dark matter halos that
are spinning (Jimenez et al. 1998; Vitvitska et al. 2002; Kim
& Lee 2013) which might be promoting bar formation pro-
vided spin parameter is not too high (Saha & Naab 2013;
Cervantes-Sodi et al. 2013; Long et al. 2014; Collier et al.
2017). Whether these bars lead to the formation of bulges or
other processes such as minor mergers being involved, needs
further and detailed investigation.
Major conclusions from our work on this specific sample
are:
• We classify a galaxy as LSB if its r-band disk central
surface brightness is fainter than 21 mag arcsec−2. According
to the threshold criterion, ∼84% galaxies in our sample are
LSB. This fraction reduces further to 61% when the central
surface brightness of the full galaxy light distribution is used.
• The median scale-length of LSB sample galaxies is 2.4
kpc which is comparable to the full galaxy population (av-
erage ∼3.79 kpc) as shown by Fathi et al. (2010). We have
found no correlation between the scale length and disk cen-
tral surface brightness.
• There seems to be a weak correlation between the colour
and stellar mass of these LSB galaxies.
• Dominant fraction of galaxies in our sample is faint,
with absolute magnitude as faint as −14. This sample of
faint LSBs is rich in morphology.
• Most of our LSB galaxies are blue as per g − r colour
criteria. However, there are also 7 red LSBs in our sample.
• Based on the bulge-disk decomposition, we have found
that 40% of our sample LSBs are with bulges and of these,
there are ∼ 20% with B/T > 0.1.
• We have found that ∼ 15% LSBs in our sample are
barred. Bars are seen in both red and blue LSBs in our
sample. The incidence of a bar has no correlation on the
host galaxy central surface brightness. Most of these barred
LSBs are highly gas-rich and blue.
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APPENDIX A: COMPARISON OF MODEL
MAGNITUDES WITH THE SDSS PETROSIAN
MAGNITUDES
In this appendix, we give the comparison of magnitudes of
the LSB sample galaxies as given by the SDSS with that
of what we get from GALFIT decomposition. We convert
the r-band GALFIT model magnitudes of LSB galaxies to
the AB magnitudes using standard relation (Oke 1974). In
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Figure A1. Comparison of SDSS Petrosian (left panel) and model (right panel) magnitudes with the AB magnitudes of LSB sample
galaxies in r-band. The AB magnitudes of the sample galaxies are calculated from the flux estimated by the model magnitudes given by
GALFIT. The black colour solid line in both panels is 45◦ line for a better visual comparison.
the left hand panel of Figure A1, we show the comparison
of SDSS Petrosian magnitudes and the AB magnitudes of
LSB galaxies in r-band whereas the right hand panel depicts
the comparison of SDSS model magnitudes with that of AB
magnitudes. Galaxies which have r-band Petrosian magni-
tudes less than 17, are pretty much in agreement with our
AB magnitudes of galaxies. However, almost all the galax-
ies have bit brighter AB magnitudes as compared to their
SDSS Petrosian or model magnitudes. There are around ∼
28% galaxies where the difference between SDSS Petrosian
or model magnitudes and AB magnitudes is more than 1
mag. If we consider Petrosian or model magnitudes from
SDSS for our analysis, more galaxies would be termed as
LSB.
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